Abstract: Radiotherapy for malignancies in the head and neck can cause common complications that can result in tooth damage that are also known as radiation caries. The aim of this study was to examine damage to the surface topography and calculate changes in friction behavior and the nano-mechanical properties (elastic modulus, nanohardness and friction coefficient) of enamel and dentine from extracted human third molars caused by exposure to radiation. Enamel and dentine samples from 50 human third molars were randomly assigned to four test groups or a control group. The test groups were exposed to high energy X-rays at 2 Gy/day, 5 days/week for 5 days (10 Gy group), 15 days (30 Gy group), 25 days (50 Gy group), 35 days (70 Gy group); the control group was not exposed. The nanohardness, elastic modulus, and friction coefficient were analyzed using a Hysitron Triboindenter. The nano-mechanical properties of both enamel and dentine showed significant dose-response relationships. The nanohardness and elastic modulus were most variable between 30-50 Gy, while the friction coefficient was most variable between 0-10 Gy for dentine and 30-50 Gy for enamel. After exposure to X-rays, the fracture resistance of the teeth clearly decreased (rapidly increasing friction coefficient with increasing doses under the same load), and they were more fragile. These nano-mechanical changes in dental hard tissue may increase the susceptibility to caries. Radiotherapy caused nano-mechanical changes in dentine and enamel that were dose related. The key doses were 30-50 Gy and the key time points occurred during the 15 th -25 th days of treatment, which is when application of measures to prevent radiation caries should be considered.
Introduction
Patients with malignant tumors in the head and neck region are often treated with radiation. 1 This treatment can be effective. However, because of the typical normal tissue reactions that occur after irradiation, radiation treatment is often accompanied by complex oral complications affecting the salivary glands, 2 oral mucosa, 3 bone, masticatory musculature and dentition. 4, 5 Irradiation of the enamel and dentine of the teeth can influence their nano-mechanical structure by decreasing their ultimate tensile Declaration of Interests: The authors certify that they have no commercial or associative interest that represents a conflict of interest in connection with the manuscript. strength 6, 7 and fracture resistance; this is also true of restored teeth 8 . Irradiation also adversely affects the bonding of resin-based composites to enamel and dentine, causing damage to restored teeth. 9 This process often results in severe damage to the teeth, called radiation caries.
Radiation caries is a rapidly developing and highly destructive form of tooth decay, leading to the amputation of crowns and complete loss of dentition. 10 The risk of rampant tooth decay, with its sudden onset, is a lifelong threat. In dental research, radiation exposure to the major salivary glands causes a change in the composition of saliva qualitatively as well as a permanent quantitative reduction in secretion; this process contributes to the carious process. 11 Indeed, radiation-induced hyposalivation is considered to be the most important etiological factor for dental caries. 2, 12, 13 However, in recent years, some scientists have suggested that direct radiation damage can ratchet up the progression of radiation caries; in their studies, morphological and physical changes in both human and bovine dentine were documented after radiotherapy. 14, 15, 16, 17 Unfortunately, the explanation regarding changes in the nano-mechanical properties of teeth has generated controversy in dental literature, and no in vivo study has reported the crucial radiotherapy dose-time relationship regarding the prevention of radiation caries. In vitro studies have limitations with regard to clinical conclusions. Findings from these studies have generated controversy because of the potential influence of the storage medium 18, 19 and the accuracy of the different methods and devices used; chemical reactions, ionizing radiation, and the mechanical test procedure may affect the surface of the enamel and dentine. Thus, effective evaluation of the effects of high energy X-ray radiotherapy on enamel and dentine needs to be performed in a systematic and thorough way. This can be done in part by measurement of the friction coefficient. Clinically, radiation damage to the surface of teeth leads to increased friability and breakdown (accompanied by wear of the incisal and occlusal surfaces), and complete amputation of the crown can occur. The main damage on the surface is brittle delamination, which may yield insufficient wear behaviors. In order to study the wear behavior of radiation-treated teeth, friction experiments can evaluate 'fretting wear' or in dental tribology terms, 'abrasive wear'.
In the present study, the effects of high energy X-ray irradiation on the nano-mechanical properties (elastic modulus, nanohardness and friction coefficient) of enamel and dentine were investigated. We tested the hypothesis that high energy X-ray irradiation at different doses adversely affects the nano-mechanical properties of dental hard tissue.
Methodology Preparation of specimens
Freshly extracted human third molars were collected with informed donor consent and were used for all experiments at the clinic of Oral and Maxillofacial Surgery of the West China Hospital of Stomatology from January 2012 to December 2012. The donors were aged 18-25 years old and were healthy with no age related diseases such as osteoporosis or systematic diseases. The teeth were removed one year after complete eruption. Caries free maxillary third molars were extracted and observed with a stereo microscope (X10; Olympus Optical Co. Ltd., Tokyo, Japan); molars with intact enamel and no white spots, cracks, or enamel hypoplasia were chosen and stored at 4°C in 0.2% thymol (Sinopharm Chemical Reagent Co. Ltd., Shanghai, China) for further examination. The teeth were obtained under a protocol (2011017) that had been analyzed and approved by the Ethical Committee of the West China Hospital of Stomatology, Sichuan University, Chengdu, China. The teeth were stored in physiological sodium chloride solution (0.9% NaCl, Kelun Co. Ltd., Chengdu, China) that was renewed daily at 4°C, and samples were stored for < 3 months before experimentation. The suitability of the physiological sodium chloride solution as a storage medium for the dentine samples has been demonstrated in previous studies. 20, 21 Fifty molars with intact enamel and no white spots, cracks, or enamel hypoplasia were chosen for investigation in this study from 569 extracted molars. The residual tartar, alveolar bone, and soft tissue were removed before use, and then the molars were washed repeatedly with clean water. A water cooled diamond saw (Struers Minitom, Struers Ltd., Copenhagen, Denmark) was used to cut the molar into two pieces from the cemento-enamel junction with low speed; the dental pulp was extracted from the cross section of the tooth root. Then the molar was washed with deionized water and stored in deionized water for 24 hours. Occlusal sections were obtained from crowns and roots using a diamond coated band saw (Exakt Trennschleif system; PSI GruÈ newald, Laudenbach, Germany) under running water. Rectangular slabs (approximately 3 × 4 × 1.5 mm 3 ) were prepared (Exakt Trennschleif-system) and were subsequently embedded in a chemical-polymerizing resin (Technovit 4071: Kulzer, Wehrheim, Germany). Finally, they were polished using successively decreasing grain sizes (1000, 2000, 3000 and 4000; Struers, Copenhagen, Denmark) until the residual thickness of the epoxy resin blocks was approximately 5 mm.
Irradiation procedure
The 50 molar samples were randomly allocated into groups of 10 teeth per group using a random number table for assignment to the 10 Gy group, the 30 Gy group, the 50 Gy group, the 70 Gy group and the control group. The four test groups of samples were irradiated using an Elekta VMAT (Elekta AB, Stockholm, Sweden) with the following characteristics: monitor units (MUs), 100; file size (FSZ), 10 cm × 10 cm; source-surface-distance, 100 cm; and field size, 20 cm × 20 cm. Irradiation was carried out daily (2 Gy/day, 5 days/week) for 5 days (10 Gy group), 15 days (30 Gy group), 25 days (50 Gy group) and 35 days (70 Gy group). The maximum dose delivered was 70 Gy, which was similar to the total dose used clinically for the treatment of head and neck cancer. All irradiations of specimens were carried out in an manner analogous to clinical treatment ( Figure 1 ) in physiological saline solution. 22 A fifth group of samples (the control group) was not treated with radiation to ensure that the storage time and solution had not weakened the samples. In each group, ten enamel and ten dentine specimens were examined.
Triboindente testing
Triboindente testing was performed at the Tribology Research Institute, Key Laboratory for Advanced Technology of Materials of Ministry of Education, Southwest Jiaotong University, Chengdu
Sichuan by a senior researcher who was blinded to the sample groupings. For each group, the testing was performed on the day of the final radiation dose; the control group was tested on the same day as the 70 Gy group. A Triboindenter (TI750: Hysitron, Minneapolis, USA) with a Berkovich diamond indenter was used for measuring the nano-mechanical parameters regarding load control testing under constant ambient conditions (24°C; 35% H). Figure 2 shows the indentation areas. The indenter was loaded up to a maximum of 8 mN, followed by a constant load hold period of 30 sec at the maximum load, and unloaded with a constant loading rate of 40.0 mN/min. A second constant load hold period of 30 sec at 10% of the maximum load was Figure 1 . Radiation diagram. The black oval represents the radiation source (source-surface-distance, SSD): 100 cm. During irradiation, the teeth were fixed on plastic plates (Technovit 4071VCL) and enclosed with physiological sodium chloride solution for homogeneous irradiation. Figure 2 . Indentation locations. In each half tooth, a 2 × 2 mm 2 region of interest (ROI) was marked in the enamel in the cusp zone and in the outer dentine near the enamel-dentine junction. Indents in every half tooth were performed in each ROI regardless of the dose.
applied to correct the displacement data for thermal drift. Six indents were performed in every slab, and a 500 µm gap at intervals of every two indents was used to prevent any mutual influence.
The effect of irradiation on human dental tissue can be characterized by the measurement of nano-mechanical properties using a well-known material science technique of nanoindentation or depth-sensing. This technique allows for the qualitative analysis of local nano-mechanical parameters, hardness and elastic modulus in small structures of inhomogeneous samples, which are inaccessible for conventional material testing. Therefore, the nanoindentation is predestined for measuring mechanical properties of dental tissue. This has been used effectively for the past 20 years. 18 From the received load (F) and displacement (h), diagrams of the values of the nanohardness (H) and the elastic modulus (E) were determined using the established method of Oliver and Pharr. 23 The calculation of the hardness: H = F_max/A_c (1) The contact stiffness S was calculated from the linear slope of the unload-displacement curve: S = ├ dF/dh ┤|_(F = F_max ) (2) The scratch was loaded and unloaded using a constant loading rate; the constant load hold period was 40 sec. The tests were conducted to a maximum load of 2 mN, with a length of 13 µm and intervals of two 10 µm scratches. Thus, 50 teeth yielded 300 dentine and 300 enamel measurements of nanohardness and the elastic modulus as well as 100 measurements of the friction coefficient.
Statistical analysis
The nanohardness, elasticity and friction coefficients that were measured using the Triboindenter were analyzed. Subsequently, all data were calculated for each testing group. Then the test group data were compared with the control group data with one-way analysis of variance (ANOVA) followed by Dunnett's test. A one-way ANOVA followed by Tukey's test was used to compare the nano-mechanical properties of the 3 experimental groups. The percentage of change in 70 Gy radiation dose was compared to the control group for each specimen. Spearman's correlation analysis was conducted to analyze the effect of the radiation dose on the nano-mechanical properties. Results are presented as the mean and standard deviation. SAS 8.2 software (SAS Inc., Cary, USA) was used for analysis and a p-value of less than 0.05 was considered to be statistically significant.
Results
The elastic modulus, nanohardness and friction coefficient values in the enamel are shown in Table 1 . The elastic modulus values showed significant differences for all experimental groups by one-way ANOVA compared to the non-irradiated controls: 10 Gy group, p = 0.042, 30 Gy group p = 0.027, 50 Gy group, p = 0.003, and 70 Gy group, p = 0.003. The between experimental group comparison showed significant differences (p < 0.05) between doses except between the 50 Gy and 70 Gy groups (p > 0.05). For nanohardness values, the one-way ANOVA showed significant differences for all experimental groups compared to the non-irradiated controls: 10 Gy group, p = 0.004, 30 Gy group p = 0.004, 50 Gy group, p = 0.002, and 70 Gy group, p = 0.002. The between experimental group comparison showed significant differences (p < 0.05) between doses except between the 10 Gy and 30 Gy groups (p > 0.05). While similar results were seen for the friction coefficient, the one-way ANOVA showed significant differences for allexperimental groups compared to the non-irradiated controls: 10 Gy group p = 0.008, 30 Gy group p = 0.040, 50 Gy group p = 0.003, and 70 Gy group p = 0.015. The between experimental group comparison showed significant differences (p < 0.05) between doses except between the 10 Gy and 30 Gy groups (p > 0.05).
The elastic modulus, nanohardness and friction coefficient values in dentine are shown in Table 2 . The elastic modulus values showed significant differences for all experimental groups by one-way ANOVA compared to the non-irradiated controls: 10 Gy group, p = 0.027, 30 Gy group p = 0.006, 50 Gy group, p = 0.002, and 70 Gy group, p = 0.002. The between experimental group comparison showed significant differences between all doses (p < 0.05). For nanohardness values, the one-way ANOVA showed significant differences for all experimental groups compared to the non-irradiated controls: 10 Gy group p = 0.033, 30 Gy group p = 0.037, 50 Gy group p = 0.003, and 70 Gy group p = 0.002. The between experimental group comparison showed significant differences between all doses (p < 0.001). In the friction coefficient values, the one-way ANOVA showed significant differences for all experimental groups compared to the non-irradiated controls: 10 Gy group p = 0.007, 30 Gy group p = 0.012, 50 Gy group, p = 0.024, and 70 Gy group p = 0.026. The between experimental group comparison showed significant differences between all doses (p < 0.05).
The nanohardness was reduced by 87% and the elastic modulus by 78% in enamel, just as the nanohardness was reduced by approximately 73% and the elastic modulus by 75% in dentine (Figures 3 and 4) . During the 5 th week after receiving 50 Gy, nanohardness was reduced by approximately 60% and 31% for enamel and dentine, respectively (Figure 3) , and the elastic modulus was reduced by approximately 36% and 44%, respectively (Figure 4) . The highest dose variation rate within the test groups fell in the range of 30-50 Gy. With the increasing radiation dose, the increase in the friction coefficient reached 287% in enamel and 44% in dentine ( Figure 5) . Thus, the increase in the friction coefficient in dentine was not as pronounced as in enamel. The maximum rate of change in the friction coefficient was increased by approximately 88% for enamel after irradiation at doses ranging from 30 to 50 Gy and was increased by 21% for dentine after irradiation at doses ranging from 0 to 10 Gy ( Figure 5) .
Analysis of correlations between the radiation dose and the mechanical properties of enamel showed that elastic modulus (r = -0.61, p = 0.014) and nanohardness (r = -0.58, p = 0.011) had a significant negative correlation with radiation dose, and friction coefficient had a significant positive correlation with radiation dose (r = 0.84, p = 0.001). For dentine, the elastic modulus (r = -0.38, p = 0.019) and nanohardness (r = -0.32, p = 0.037) had a significant negative correlation with radiation dose, and the friction coefficient had a significant positive correlation with radiation dose (r = 0.30, p < 0.001). 
Discussion
The aim of this investigation was to test the hypothesis that high energy X-ray irradiation at different doses adversely affects the nano-mechanical properties (elastic modulus, nanohardness and friction coefficient) of dental hard tissue. The results show that exposure to X-rays caused significant damage in terms of nano-mechanical properties. The damage to both enamel and dentine was also dose related, and there was a significant correlation with dose and the nano-mechanical properties of both enamel and dentine. The teeth showed decreased fracture resistance, and they were more fragile. This may increase the susceptibility to caries or lead to the rapid development of caries.
In dental literature, studies dealing with the effects of radiotherapy on dental hard tissues have mainly focused on enamel. 16, 17, 24, 25, 26, 27 However, only limited information is available concerning these effects on both enamel and dentine. Moreover, most of the previous investigations had limitations with regard to the instruments used, and there has been little study concerning the relationship between radiation dose and mechanical properties. Compared with previous studies using Keitz's nanohardness tester, 16 the Triboindenter provides high contrast, high-resolution images and involves the use of non-invasive test methods. The current in vitro study on enamel and dentine demonstrated radiation-induced changes in their mechanical properties (elastic modulus, nanohardness and friction coefficient). The relatively high variance of values obtained regarding the nano-mechanical properties are explained by the use of individual teeth, which were subjected to different environmental factors during the time of tooth formation and individual mineralization.
The influence of the storage solution has been of concern in some studies because it may influence the nano-mechanical properties of the samples, but we hope that in this study, we have introduced measures to prevent any damage to the enamel or dentine because all of the enamel and dentine slabs were stored in daily-renewed solution that had been previously demonstrated to be suitable 20, 21 at the same temperature and humidity for identical time periods. The physiological sodium chloride solution we used has also been verified to cause minimum damage to teeth during an irradiation study. 22 We also used a control that was not treated with radiation. With respect to the variance of the values obtained in our study, it appears that there were only marginal changes in the nanohardness, elastic modulus and friction coefficient of samples that were stored. Therefore, it may be concluded that the significant variations in the results solely depended on the different radiation doses that were used.
The mechanical changes caused by irradiation can be explained by the decarboxylation of the tissue. The organic matrix interacts with the apatite crystals via calcium ions from electrostatic binding of collagen side chains, carboxylate and surface mineral phosphate groups. Decarboxylation demands a supply of sufficient high energy. The ability to overcome the binding energy seems to increase with high X-ray energy. Because collagen consists of macromolecular chains of various types of amino acids, irradiation can promote side chain decarboxylation and a loss of acidic phosphate groups with the formation of new calcium ion bridged phosphate groups. Consequently, a mineral-organic interaction might occur between apatite and collagen and thus may induce micro cracks in the hydroxyapatite mineral; 28 its supercoiled triple helix conformation is sensitive to different levels of radiation. 29 The results of the present study indicated that after exposure to a range of radiation doses, the nanohardness and elastic modulus was significantly decreased; they were negatively correlated with X-ray dose and differed significantly when compared with the non-exposed control group (p < 0.05). The friction coefficient was found to be positively correlated with the X-ray dose and was significantly higher than in the non-exposed control group (p < 0.05). For the radiation doses that were used in the current investigation, the structure of enamel and dentine might be affected differently by irradiation; there was a dramatic effect on the nano-mechanical properties of enamel. A possible explanation as to why radiation treatment had a greater effect on the nano-mechanical properties of enamel than on those of dentine is that enamel contains considerably less organic material. The collagen contained in dentine is reinforced by intrafibrillar mineral deposits, while each fibril is surrounded by extrafibrillar mineral deposits. 28 The intrafibrillar minerals that stiffen the collagen fibrils dominate the elastic behavior of dentine under normal loading conditions. High energy X-ray irradiation may destroy the intrafibrillar minerals, and this destruction may become more severe with increasing radiation dose.
In our study, the test groups were exposed to radiation once a day at a dose of 2 Gy/fraction administered 5 days/week, which was similar to the standard protocol that was used for the clinical treatment of head and neck cancer. Usually, therapeutic irradiation starts at a dose of 2 Gy on the first day of treatment and reaches 50 Gy at the end of the 5 th week of treatment. Our results suggested that after exposure to X-rays for 5 weeks, the fracture resistance of the teeth had obviously decreased, and they were prone to be more fragile. The mechanical changes in dental hard tissue might increase susceptibility to the development of caries or lead to the rapid development of caries. Total doses in excess of 50 Gy had little additional effect. Radiation doses of 30-50 Gy, which corresponded with the 15 th -25 th day of radiotherapy (excluding weekends), could be the key doses and time points over which measures for preventing radiation caries should be applied.
This study has some limitations. Any investigation that relies on isolated teeth cannot completely mimic the clinical situation, thus these results, despite being performed under strict conditions, may not fully reveal the nature of patients' teeth after undergoing radiotherapy. We also selected only three parameters to test the mechanical strength of the teeth. Other factors have also been demonstrated to be important to the mechanical strength of enamel and dentine and so may eventually impact the likelihood of a patient developing radiation caries. These include ultimate tensile strength, 6,7 fracture resistance, 8 and microleakage 30 as well as bonding of resin-based composites to enamel and dentine.
Conclusion
Radiotherapy caused nano-mechanical changes in dentine and enamel that were dose related. The key doses were 30-50 Gy and the key time points were the 15 th -25 th days of treatment. These results suggest that for the radiation caries problem, doctors should be aware of their patient's stage of radiotherapy and offer them very specific, targeted advice to protect their teeth. In addition, the changes in dental morphology and crystal phase transfer on a micro-scale, as well as the design of radiotherapy protocols and the limitation of radiation dose for head and neck cancer patients, require evaluation in further studies.
